The aim of the paper is to validate the use of measurement methods in the study of GFRP joints. A number of tests were carried out by means of a tensile machine. The studies were concerned with rivet connection of composite materials. One performed two series of tests for two different forces and two fibre orientations. Using Finite Element Method (FEM) and Digital Image Correlation (DIC), strain maps in the test samples were defined. The results obtained with both methods were analysed and compared. The destructive force was analysed and, with the use of a strain gauge, the clamping force in a plane parallel to the annihilated sample was estimated. Destruction processes were evaluated and models of destruction were made for this type of materials taking into account their connections, such as riveting.
Introduction
For the last few years, the application of composite materials has increased in different areas of science and technology due to their unique properties. Glass Fibre Reinforced Plastics (GFRPs) are the most commonly used in mechanical parts in pieces and structures in industry [1] . The main reasons for such a high demand in fibreglass composites are their prominent specific stiffness and strength properties, which lead to substantial weight decrease [2] .
One of the most difficult issues concerning mechanically-fastened joints in fibreglass materials is that the well-set design procedures for steel connections, developed based on years of tests using homogeneous and isotropic materials, need changing in order to accommodate the anisotropic and non-homogeneous directional qualities of composite materials. In addition, composite materials do 1 not exhibit plastic deformation which can reduce local stress concentration. The inherent brittle behaviour of composites causes that the joints and connections are liable to damage prior to ultimate failure as there is no stress redistribution thanks to material plasticity [3] . Fibre composite laminates seem to be better than monolithic metals and other materials, and because of their high strength-toweight and stiffness-to-weight ratios, etc., they are often chosen for manufacturing new products. However, there are certain limitations in composite laminates. For example, the interlaminar strength and overall stretch ratio is not as high as in a monolithic material. Joining technology in composite structures, if we compare it with metal structures, is a far more important subject, because in 60-85 percent of cases damage may appear at the fastening joint. It shows that interference-fit joining can have big influence on the fatigue life of metal structures, so it is one of the most widely-used methods for elongating service life of metal structures [4] .
Connections components, made of composites, are frequently encountered in modern structures. This way of connection is not only cheap but also fast and firm. Commonly, there are two types of methods to make joints in composite structures. These are mechanical and adhesively-bonded joints. There are both advantages and disadvantages of using mechanical joints in comparison with adhesively-bonded joints [5] in assembling composite parts. For example, in mechanical joining, rivets or/and bolts through holes are required, which results in concentrations of stress that finally lead to possible failures. The adhesive joints do not need holes and the load is spread over a larger area than that in mechanical joints [6] . Yet, they remain quite vulnerable to the surface treatment, service temperature, humidity, and other environmental conditions. For these and other reasons, they are also difficult to be fixed. The study presented in this paper focuses on GFRP in the context of riveted joints and measurement methods applicable to them. We analyse the impact of the additional active clamping force which arises from the head of rivet and we examine its impact on the destructive force.
Strain distribution was determined with the Digital Image Correlation (DIC) method. DIC results were compared with the analysis performed with Finite Element Method (FEM). According to the test results, one have developed damage models for the material. The research reported in the article refers to similar studies by the authors [7] and other studies [8] [9] [10] , conducted on the GFRP and Carbon Fibre Reinforced Plastics (CFRP) composites.
Experiment part

The specimen
The samples used for testing were constructed of one type of fabric. Interglas 92140 fabric was used to build perpendicular and angle-ply samples. The mechanical properties of the materials observed during the experiment are depicted in Table 1 [11] . The composite laminates were fabricated by the hand lay-up technique in an autoclave according to the manufacturer's recommended curing procedure. The construction of composite sample was of three-layers type. Each type of sample fibre orientation is represented in a series of research results ( Table 2 ). The composite was subjected to a curing process at ambient temperature under a vacuum clamp for 6 hours, and then for further 14 hours without a vacuum. This action was performed in an identical manner for both types of fabrics. Laminating was made at 24
• C and humidity of 59%. In the process of lamination, the adhesive epoxy resin [12] was a combination of Epidian 53 with Z-1 hardener in a 10:1 ratio. The film layer was removed after the lamination time (about 50 minutes). The samples were cut in order to give them the assumed shapes. The optical quality test was conducted. Selected composite specimens were subjected to a heating process in order to improve their mechanical properties, and then the aftercure process continued lasting 8 hours at 60
• C according to the manufacturer's requirement. The composite specimen is presented in Fig. 1 . It had dimensions of 100×100 mm and thickness of approximately 1 mm. A hole of diameter ø6 mm was drilled in the middle of the test surface and a metal pin was placed there. At the edges of the sample, 11 holes were made. The holes were drilled with drill bits for composite treatment [13] . The test area was painted with white matt lacquer Standox, and black markers were applied to facilitate to carry out the DIC method. The test area of the samples had dimensions of 60×60 mm and the specimen were placed in a metal frame ( The specimen was fixed in a frame with a screw connection which was made of screws with nominal thread pitch M5. The screws were powertight with constant torque and they provided a uniform clamping force over the whole contact area of the frame with the sample.
During the test, a special pin was used. This was an Allen's screw M6 of total length of 90 mm. It was made of metric thread of total length of 60 mm. It was used to compress the spring and produce appropriate fixed clamping force. The clamping force was induced by compression of the spring with a screw on an appropriate fixed length. A strain gauge was glued on the pin (Fig. 3) . The strain gauge was mounted on a flat surface at a distance of 65 mm from the end of the pin between its threaded part and the head. In the midst of the pin, there was a ø1 mm hole through which the cables were run. The properties of the sensor are summarised in Table 3 . 
Experiment performance
The aim of the experiment was to perform a series of tests on the tensile machine INSTRON 8516 with a metal pin. The samples were extended, at a speed of 0.05 mm/s, at a distance of up to 15 mm. During the tensile test, one registered displacement of the connection and the pull force. The clamping force values were also measured using a strain gauge. Both forces were recorded as a function of the tensile machine's traverse displacement.
In the first stage, the samples with an angle-ply of the fibbers (I series) and the second part samples with simple fibber orientation (II series) were tested. There were 16 composite test pieces altogether. One applied there two different initial clamping forces (400 N and 750 N) produced by a helical spring with linear characteristics and stiffness coefficient equal to 0.6 kN/mm. The clamping force applied during the tests was spread on the surface of the screw head of approximately 35 mm 2 (appropriately for I series about 10 MPa, and for II series 20 MPa).
Analysis of forces
Figs 4 and 5 show the average courses of the pull force -black line -as a function of the displacement for two different initial clamping forces (400 N and 750 N). The increment clamping force vs. pin displacement is drawn as the blue line. The line shows the average value taken for the five samples tested.
All the courses (the pull force vs. displacement) can be divided into three parts:
• fast linear growth of the force, • slower growth to maximum, • quasi-stabile course approx. at a half of maximum value. By analysing the black plot one can see characteristic lines with inflection in the first part of it at a value of approx. 0.2 kN. The reason is probably the destruction of individual fibres protruding from the hole. Next, the pull force grows to maximum. Linear part of this increase ends at about 0.5-0.7 mm and the maximal value is achieved for approx. 1.8-2.5 mm. In this range, the connection is well-working and, despite the destruction of the displacement, still carries the load. Then, the slow decline in the value of the force and its stabilisation at displacement of about 7 mm is visible. The stabilised force is about twice smaller than the maximal value. The force curve is not smooth, due to fact that the material is not homogeneous and the destruction process consists in destroying individual fibers and their bundles.
Blue plots in Fig. 4 from I series show increment of clamping force versus pin displacement. One can see rapid build-up of forces. In the middle of this course, there is a specific breakdown of the line, which corresponds to the values of the destruction of the composite sample. Then, the plots' character changes. For I-1 series there is a slight increase in the increment clamping force (Fig. 4a) , while for the series I-2 there is a slight decrease in the increment clamping force (Fig. 4b) . The characteristic break in the curve occurs at the offset value of approx. 2 mm. The reason for this effect is that a cycle of destruction of the sample starts. The difference between the values of the inflection point is about 10%.
The diagrams of the II series have a different character. For the simple fibres, the chart clamping force originating from the translation of the pin constantly grows. For a smaller clamping force it is quasi-linear and increases up to 250 N (see Fig. 5a ) without stabilisation. It is very likely that further studies, carried out over longer pin distances, might show its characteristics. This will be the subject of subsequent studies of this type. Fig. 5b shows the graph for a higher clamping force. The nature of the curve is similar to the chart for the series. Inflection of the curve is visible. Inflection point corresponds to the displacement values at which the destruction of the samples has occurred. The rest of the curve is increasing almost linearly until the stabilisation occurs. From the distance of 11 mm, the curve stabilises at a constant level. It is interesting that the value of the maximum clamping force, compared with less force for the series, is much lower and amounts to approx. 30% of its maximum value.
The minimum and maximum forces, as well as the differences between them, are summarised in Table 4 . 
Failure analysis
Four common failure modes are often described in the literature: bearing, shear-out, net-tension and cleavage [14] [15] [16] [17] [18] . According to the experiment results, one model of the damage was identified and is presented in Fig. 6 . For all the tested samples, there may be observed a bearing type of damage. It should be noticed that the damage model does not depend on the clamping force value. The additional clamping force affects only the area of the damage.
For the series I (see Fig. 6a and 6b) , the extent of the damage is similar despite the different clamping forces. The side walls are approximately straight and the cutout material can be observed. There are only occasional fibres that split off from For the series II (see Fig. 6c and 6d) , the area of the damage depends on the clamping force. For II-2 series (see Fig. 6d ), there can be seen a relatively large area of separation of individual fibres from the matrix. They are visible both in front and back views. For Series II-1, Fig. 6c shows a smaller area of destruction, but the accumulation of damaged material is increased in front of the pin and on the sides.
The analysis of strains
Displacement and strain distributions on the specimens' surface were measured using the Digital Image Correlation (DIC) based algorithm [2, 3, 6] . The algorithm adapted for planar strain cases was used. The set-up consisted of a digital DSLR camera with lens' optical axis perpendicular to the sample's surface and of two DC-powered light emitting diode clusters used as a light source. During the test, photographs were taken in 1 second intervals, what corresponds to 0.05 mm of traverse moving. Samples were painted using white matte acrylic lacquer. To create a random pattern of markers on samples' surface, a black acrylic paint was used. A camera sensor with Bayer array filter was used and the photographs had to be converted from colour to monochrome by using green pixels only. Such a method reduces the error caused by chromatic aberration.
The used algorithm detects markers in a desired size range, shape and contrast. Positions of the markers are tracked with sub-pixel resolution using Pearson correlation coefficient calculated for brightness of pixels in a specified radius around each detected marker in every two consecutive photographs. The algorithm selects position with the highest correlation coefficient. If the correlation coefficient is lower than the assumed threshold, the marker is rejected for this and the following photographs. Using valid marker positions, a triangular mesh is built for each frame using Delaunay triangulation. Each mesh node is placed on a marker. Displacements inside triangles are interpolated linearly from displacement of triangle vertices. The triangles for which the edge deformation exceed an assumed threshold are removed to detect fracture and destruction zone. Each mesh represents mapping from the initial state to the deformed state represented on respective photograph. The initial state image can then be deformed using mesh-based mapping function to approximate the shape of the sample with an applied load. Displacements of each node are then optimised to achieve highest Pearson correlation coefficient between brightness distributions in the area around the node on the deformed initial image and the analysed one. This approach allows for accurate measurements of large deformations and strain values in proximity of fractures and material destruction zones. Strain distribution is derived from this mapping using finite differences and filtered using Gaussian kernel to remove noise.
The strains in vertical direction are presented in Fig. 7 . All the maps have been generated in the same phase of tensile test, for displacement of about 2 mm.
The maximum values of compressive strain are 0.2%, while the minimum values of tensile strain are −0.2% (the difference equal to 0.4%). For all specimens, as it was expected, the minimum value of strains (maximal compression) appeared under the pin. The course of isolines shows a considerable strain concentration in the pin-specimen contact zone. For I series, the vertical strain distribution for the two forces is similar. For I-2 series, the area of maximal compression directly under the pin is much larger.
For II series ( Fig. 7c and 7d ), strain distribution in the vertical plane depends on the clamping force. The area of minimum value of strains for series II-1 is elongated and extends in a vertical plane, in contrast with the series of II-2. The areas of strong tensile strains appear in different places.
For the Finite Element Method study, the ANSYS 14.5 software has been used. The FEM model is presented in Fig. 8 . FE model has been built using 8-node solid elements (SOLID185), where every node has 3 degrees of freedom. Element size varies from 0.4 to 3 mm. Symmetry condition was also used, so the total number of elements was about 14500. The performed analysis was structural-static with active option of nonlinear effects. A linear material model with a constant stiffness has been used.
Strain distribution from FE method in the vertical plane for the selected cases are presented in Fig. 9 . The results were compared and validated with the results of DIC method. Because the model did not implement material damage, there was a slight difference between the results of the two methods. 
Conclusions
The study confirmed the applicability of riveted joints in GFRP composite materials. Additional use of methods such as DIC and FEM can be very useful in modelling and analysis of this type of connection. The performed studies allow us to draw several conclusions:
1. After the initial stretch of destruction, for the pin displacement of about 2 mm (1/3 of its diameter), the pull force reaches its maximum. For the pin distance equal to about the pin diameter, the destructive force stabilises at a constant value. This value is approximately equal to a half of its maximum. On the basis of the nature of the first stage of rapid growth, one can determine the stiffness modulus of the connection. 2. A distinct relationship between the destructive force and clamping force is observed, especially in the area of the destruction of the material. For the angle-ply fibres orientation, the peak force (for the displacement of about 2 mm) corresponds to the inflexion point of the clamping force curve. From this point, the clamping force value decreases rapidly and stabilizes at a constant level. For the simple fibres orientation, the value of the clamping force increases during traverse moving. However, there are noticeable differences between both initial values of the force. 3. In the test samples, we identified one of the four possible types of damage in composites -the bearing type. The clamping force value does not change the type of failure, only its form. The damage is local, which shows that rivets can be used to join these types of composites. 4. The DIC method, with a suitable algorithm, allowed for the determination of the deformation in the vertical plane -according to the active force. FEM method was used, and was verified by DIC method. It did not include the destruction stage, which also had an impact on the results. Numerical calculations are helpful for understanding the phenomena occurring in the composite materials and for modelling strains, displacements and other quantities important for the designers. 
